Abstract Highly fluorescent cysteine-capped CdTe/ CdS core-shell nanowires were successfully synthesized by reacting CdCl 2 with NaHTe in aqueous solution under refluxing at 100°C for 140 min. On increasing the reaction time from 10 to 140 min, CdTe/ CdS nanocrystals gradually grew into nanorods and eventually completely evolved into nanowires. The nanowires have amino and carboxyl functional groups on their surfaces and can be well dispersed in aqueous solution. The as-prepared CdTe/CdS nanowires show a fluorescence quantum yield (QY) of 7.25 % due to the unique nature of cysteine and the formation of a CdS shell on the surface of the CdTe core, they have a narrower diameter distribution (d = *5 nm) and a length in the range of 175-275 nm, and their aspect ratio is between 1/35 and 1/55.
Introduction
In recent years, one-dimensional (1D) semiconductor nanostructures such as nanorods, nanowires, and nanotubes have attracted considerable attention because of their special structures, unique electrical and optical properties, and diverse applications (Tang et al. 2002; Yong et al. 2011 ). Due to their unique physical and chemical properties with high dimensional anisotropy, semiconductor nanowires are of particular importance for fabricating nanoscale biosensors (Fernando et al. 2007; Jay et al. 2009 ), drug carriers (Lee et al. 2009 ), solar cells (Jiang et al. 2010; Yu et al. 2010) , and cell imaging devices (Hwa et al. 2009 ). For example, II-VI CdTe nanowires (Luo et al. 2012 ) have an extremely high absorption coefficient, broad absorption range, and excellent carrier transport properties, so that they are ideal candidates for the above-mentioned applications (Jiang et al. 2012) .
Different techniques have been developed to synthesize nanowires, which can be generally classified into top-down and bottom-up routes. A conventional bottom-up method is vapor-liquid-solid (VLS) growth (Simon et al. 2010; Wu et al. 2012; Wang et al. 2008; Yang et al. 2013) , in which nanowire diameters are controlled by the size of the Au or Bi nanocatalysts. The obtained nanowires have diameters of about 20-60 nm, and are usually not within the quantum confinement region. They also have poor hydrophilicity, and the preparation process requires high temperature, usually higher than 500°C. In addition, the nanocatalysts that need to be used remain at the ends of the nanowires, which could influence nanowire properties and performance. Another common approach is the chemical vapor deposition (CVD) method (Hou et al. 2011; Park et al. 2008; Carey et al. 2009; Utama et al. 2011) , which can produce nanowires several micrometers in length at high temperature (more than 500°C). Similar to VLS growth, the prepared nanowires are usually larger than 50 nm in diameter.
Compared with above-mentioned non-wet-chemical methods, preparation of nanowires by wet-chemical approaches has a few distinct advantages. First, the resultant semiconductor nanowires have smaller diameters and a narrower diameter distribution, and they can exhibit quantum confinement effects like their nanocrystal and nanorod analogs. Second, the resultant colloidal nanowires can be further functionalized by post-surface modification. Third, the reaction temperature is lower. For these reasons, we used Bi nanoparticles as catalysts to prepare colloidal semiconductor nanowires through solution-liquid-solid (SLS) growth at relatively low temperature (300°C) Anton et al. 2011; Li et al. 2008 Li et al. , 2009 Li et al. , 2010 Li et al. , 2011 Li et al. , 2012 . The diameter of these colloidal nanowires can be tuned from a few nanometers to tens of nanometers, so that they exhibit strong quantum confinement effects. Their optical, electronic, and magnetic properties can be altered by in situ chemical doping or post-surface modification. For example, the photostability of CdSe nanowires can be improved by growing a shell on their surfaces to from core-shell structures, which have significantly improved fluorescence quantum yields (QYs) to 2 %, 100 times higher than that of the original CdSe core (Goebl et al. 2008) .
This versatile SLS growth is capable of producing colloidal semiconductor nanowires from groups IV (Si, Ge), II-VI (CdS, CdSe, CdTe), III-V (InP, GaP), and IV-VI (PbS, PbSe, PbTe). These nanowires are hydrophobic, however, and have low fluorescence QY, which limits their bioapplications. In addition, SLS growth requires an air-free environment due to the use of airsensitive chemicals. Such air-free manipulations significantly increase the complexity as well as the cost of the synthesis of colloidal nanowires. Therefore, it is highly desirable to prepare high quality water-soluble fluorescent nanowires for bioapplications.
Compared with vapor-phase and organic-phase syntheses, aqueous preparations are simpler, cheaper, and more environmentally friendly. More importantly, the obtained nanowires are naturally water-dispersed without any post-treatment due to the presence of a large amount of hydrophilic ligands .There are some reports on the preparation of CdTe nanowires in aqueous phase (Liang et al. 2009; Yong et al. 2011; Deng et al. 2013; Bao et al. 2006; Niu et al. 2005; Jiang and Muscat 2013) . A big issue for these nanowires, however, is the presence of many defects on their surfaces, which will significantly degrade their optical, electrical, and thermodynamic performance (Jiang et al. 2012) . In order to reduce the surface defects, the core-shell structure has been introduced and has proven to be a powerful approach to improve the overall physical and chemical properties of the nanowires. Core-shell CdTe/CdS nanowires are a type-I structure, in which both the valence and conduction band edges are, respectively, lower and higher than those of the core. Such core-shell nanowires exhibit higher fluorescence QY than core nanowires (Gui and An 2013) . More importantly, the core-shell structure can effectively reduce the toxicity of the nanowires. Thus, such heterostructured nanowires show great potential for a new generation of biosensors and have attracted strong interest from both the scientific and the industrial community. There are only a few reports, however, on preparation of functional CdTe/CdS core-shell nanowires in aqueous phase, which may be due to the large lattice mismatch between CdTe and CdS, as well as additional difficulties associated with the morphological anisotropy of CdTe core nanowires (Wang et al. 2008) .
Here, we report an environmentally friendly onepot aqueous reaction to prepare CdTe/CdS core-shell nanowires functionalized with cysteine, cysteine as a small biomolecule, has been introduced to controllably synthesize various metal sulfides in hydrothermal/ solvothermal routes, because the sulfhydryl group of cysteine is generally the most reactive functional group in a protein (Laura et al. 2009 ). The resultant core-shell nanowires show a QY of 7.5 %, low cytotoxicity, and good potential for cell labeling.
Experimental

Materials
Cadmium chloride anhydrous (CdCl 2 ), tri-sodium citrate dehydrate (99.3 %), sodium borohydride (NaBH 4 , 99 %), L-cysteine (Cys), and Te powder (99.9 %) were used as-received without further purification. Milli-Q water ([18 MX) was used in all experiments.
Preparation of NaHTe solution 5.1 mg Te powder and 61 mg NaBH 4 were transferred into a 10 mL flask, then 2 mL of ultrapure water was added, and the mixture was stirred at room temperature. During the reaction, a small outlet connected to the flask was kept open to discharge the pressure from the resulting hydrogen. The reaction was finished when the solid was completely dissolved, resulting in a clear solution.
Preparation of CdTe/CdS nanowires
CdCl 2 solution (0.04 M, 4 mL) was first diluted to 50 mL in a one-necked flask, and then trisodium citrate dehydrate (400 mg), NaHTe solution (2 mL), and cysteine (Cys, 82 mg) were added under vigorous stirring. After the solution became orange, the flask was attached to a condenser and refluxed at 100°C for the desired period of time (10-180 min) under Ar flow. The solution was then cooled down to room temperature, and excess ethanol was added to the nanowire aqueous solution. The precipitated nanowires were collected via centrifugation (8,000 rpm, 5 min). After decanting of the supernatant, the nanowires were redispersed in Milli-Q water and reprecipitated by ethanol. The same procedure was repeated three times to thoroughly wash away free ions. The nanowires were finally dispersed in Milli-Q water for further characterization (yield: 21.7 %). The CdTe/ CdS nanowires were synthesized according to the following chemical reaction:
During the reaction, NaBH 4 reduces Te to Te 2? , the fresh Te 2-reacts with Cd 2? to give CdTe core, and cysteine combine with Cd 2? to give CdS shell.
Characterization of CdTe/CdS nanocrystals
Ultraviolet-Visible (UV-Vis) absorption and fluorescence spectra were collected at room temperature with a SpectraMax M5 Multi-mode microplate reader (Molecular Devices) in the range of 200-800 nm. The room temperature fluorescence QY of nanowires was determined by comparing the integrated emissions of the nanowire solution with that of rhodamine 6G in ethanol (QY = 95 %) with identical optical density at the excitation wavelength. X-ray diffraction (XRD) measurements were performed on a Miniflex X-ray diffractometer (Rigaku) using Co K a radiation (k = 0.1789 nm) at 40 keV, at a scanning rate of 10°min -1 from 10°to 90°. Transmission electron microscopy (TEM) characterization was conducted using a JEOL JEM 2100 electron microscope operating at an acceleration voltage of 200 kV. The elemental composition of the nanowires was determined by energy-dispersive X-ray spectroscopy (EDS) during TEM measurements. X-ray photoelectron spectroscopy (XPS) measurements were performed on a Kratos Axis Ultra X-ray photoelectron spectrometer (Perkin-Elmer).
Cell culture
Human embryonic kidney cells (HEK 293 cells) were cultured in RPMI-1640 medium, supplemented with 10 % heat-inactivated fetal bovine serum (FBS) at 37°C in a humidified atmosphere with 5 % CO 2 .
Cell viability assay HEK 293 cells were seeded into 96-well plates (200 L containing 2.5 9 10 4 cells in each well). After incubation for 24 h, the CdTe/CdS nanowires, which were dissolved in 20 lL phosphate buffered saline (PBS) at the final concentration of 5-500 lg/mL, were added to each well. The cell samples were then incubated for 4 h at 37°C under a humidified atmosphere (5 % CO 2 ) in the dark. Then, the medium containing the nanocrystals was replaced by fresh culture medium. The cells were further incubated for 16 h. Colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assays were performed to assess the cell viability. Briefly, at the end of each incubation, 20 lL stock MTT (5 mg/mL) was added to each well, and cells were then incubated for 4 h at 37°C. The medium was removed and 150 lL DMSO added to each well. The cells were then incubated for another 0.5 h at 37°C. Fluorescent microscopic images was measured at 400 nm using Inverted Fluorescence Microscope of Leica DMI600 B. Cell viability, defined as the relative absorbance on each sample compared to that of a blank control, was calculated and expressed as a percentage. Statistical analyses were performed using the GraphPad Prism 5 software. Statistical significance was set at P \ 0.05.
Results and discussion
Synthesis of cysteine-capped Straight CdTe/CdS core/shell nanowires In recent years, colloidal CdTe nanowires have been prepared by various wet-chemical methods Grebinski et al. 2004a, b; Kuno et al. 2006) . These methods generally require the use of organic solvents, high temperature or pressure, oxygen and water-free conditions, and toxic reagents, such as three octyl phosphine (TOP three) and trioctylphosphine oxide (TOPO), all of which increase operational difficulty and preparation costs Li et al. 2008 Li et al. , 2009 ). The method described here is an environmentally friendly aqueous approach to the synthesis of CdTe/CdS core/shell nanowires through the reaction of CdCl 2 with NaHTe in the presence of cysteine at atmospheric pressure and relatively low temperature (100°C). The nanowires are decorated with amino and carboxyl functional groups and can be well dispersed in aqueous solution. This preparation method has the advantages of simple operation and good controllability of the nanowires. The resultant nanowires have a core-shell structure, in which CdTe core nanowires are coated with a shell of higher energy band gap material (i.e., CdS) to enhance the QY and to protect them from oxidation (Singh et al. 2012 ).
Effects of reaction time on the morphology of Cyscapped CdTe/CdS nanocrystals In our study, the reaction time has a significant influence on the morphology of the nanocrystals. Scheme 1 shows the evolution of nanowires as the reaction time is extended. Figure 1 displays typical TEM images of samples collected at 10, 30, and 140 min reaction time. It clearly shows that by increasing the reaction time from 10 to 140 min, samples gradually changed from spherical nanoparticles to nanorods, and eventually completely turned into nanowires.
When the reaction time is short (t = 10 min), the product mainly consists of quantum dots (QDs) and nanorods (Fig. 1a) . The high-resolution TEM (HRTEM) image of this sample in Fig. 1b shows that some QDs are attached to the surface of the nanorods, suggesting that the nanorods are assembled from QDs and keep growing through Ostwald ripening . The particle size of the QDs is in the range of 2.5-3 nm, and the dimensions of the nanorods are 3-5 nm in diameter (d) and 20-40 nm in length. Optical characterization demonstrates that CdTe/CdS nanocrystals at this stage have a fluorescence QY of 87 % at room temperature, comparable to the highest QY of any nanocrystals prepared by other approaches.
As the reaction time was increased from 10 to 30 min, the diameter and length of the nanorods increased to 5 and 55-90 nm, respectively, accompanied by a decrease in the amount of QDs in the sample. This result supports the occurrence of the Ostwald ripening and indicates faster growth in the length direction than in the diameter direction. Further prolonging the reaction time to 140 min leads to the formation of nanowires and the complete disappearance of QDs, and we know that the wire can be shown with different shapes, like: curving or straight, from the Fig. 1e we can see that the nanowires are almost straight. Compared with CdTe nanowires grown by the conventional VLS or SLS methods (diameter, d = 10.9 ± 2.9 nm) , the resulting nanowires are considerably thinner (d = *5 nm) with a narrower diameter distribution. They have a Scheme 1 Schematic illustration of the growth process of the Cys-capped CdTe/CdS core-shell structured nanowires length in the range of 175-275 nm, and their aspect ratio is between 1/35 and 1/55. The HRTEM image in Fig. 1f clearly shows a planar spacing of 0.18 nm, corresponding to the (111) planes of CdTe (Zhu et al. 2013) . When the reaction time is prolonged to 180 min, there is no change in the nanowires, which is also reflected by the similar UV-Vis absorbance and photoluminescence (PL) spectra to those of nanowires collected at 140 min (Fig. 2) . Therefore, under the current preparation conditions, the growth of nanowires can be finished within 140 min. Combine with the results, we can know that the reaction time have more important to influence the morphology of the nanocrystal, so we can control the reaction time to obtain different morphology of the nanocrystal such as QDs, nanorods, and naowires. Figure 2 shows the evolution of the absorption and PL spectra of Cys-capped CdTe/CdS nanocrystals collected from the refluxing solution at 10, 30, 60, 100, 140, and 180 min. The room temperature UV-Vis absorption spectra showed a shift of the first excitonic absorption from 500 to 625 nm, due to the increase in the nanocrystals' size as the refluxing time progressed from 10 to 180 min (Fig. 2a) . In addition, these nanocrystals show tuneable PL, ranging from green to yellow to red under an excitation of 360 nm UV light (Fig. 1, top) . Their emission peaks (k em ) correspondingly are shifted from 530 to 610 nm (Fig. 2b) . Both UV-Vis absorption and PL emission demonstrate the strong size dependence of the optical properties of the CdTe/CdS nanocrystals. There is a narrow sharp peak at 530 nm in the emission spectrum of the sample collected at 10 min (Fig. 2b) , which is attributed to the optimum-sized CdTe clusters. The broad peak centered at 540 nm arises from the large nanocrystals and nanorods. The fluorescence QY of this sample is as high as 87 %. With extended reaction time, the fluorescence intensity decreases rapidly, and the sample fluorescence QY is decreased to 29 % when the reaction time is 30 min. In the case of the final nanowires collected at 140 min, the fluorescence QY is decreased to 7.25 %. This value is much higher than for CdSe, CdTe, or the core-shell CdSe@CdS nanowires prepared by the SLS method (QY\1 %) Li et al. 2012) , which is due to the presence of fewer defects in the core-shell structure and the good confinement of electrons and holes in the CdTe by the CdS shell. As mentioned previously, the optical properties of the sample prepared at 180 min are similar to those of the sample collected at 140 min. The UV-Vis absorption spectra (Fig. 2a) also show that the linear absorption of a small size series of CdTe nanocrystal. Corresponding diameters range from 2.5 to 5 nm, and overall diameters are generally below twice the bulk exciton Bohr radius of CdTe (albeit in the intermediate to weak confinement regime), suggesting confinement effects in the liner absorption . Supporting this are clear blue shifts of the band edge, relative to the bulk band gap of CdTe (*1.5 eV, *827 nm). Additional structure can also be seen at higher energies, implying the presence of quantized sub-bands. In all cases, a simple ''particle in a cylinder'' model can be used to qualitatively estimate the various sub-band energies (Mark et al. 2002) .
Optical properties of Cys-capped CdTe/CdS nanocrystals
Crystal phase
The crystal structure of the CdTe/CdS core-shell nanowires was investigated by HRTEM and powder XRD techniques. Figure 3b shows XRD patterns of the CdTe/CdS core/shell nanowires synthesized via refluxing at 100°C for different times, i.e., 10, 30, and 140 min. The diffraction patterns indicate that all the nanowires belong to the cubic (zinc blende, ZB) crystal structure. The broad diffraction peak is attributed to the smaller diameter of the CdTe/CdS nanowires (d = *5 nm). Moreover, the diffraction peaks are all located between those of pure cubic CdTe (JCPDS 15-0770) and pure cubic CdS crystals (JCPDS 10-0454). At 10 min, the diffraction peaks are very close to those of CdTe crystals (Fig. 3b) , showing that the dominant structure at this point of time is cubic CdTe crystal phase. As the reaction time is prolonged, the diffraction pattern shifts toward larger 2h angles, i.e., close to those of cubic CdS phase. Such a shift indicates the formation of a CdS shell on the nanowire surface (Zhu et al. 2013) . Since the CdS shell can reduce surface defects of the core nanocrystals, it is believed that the CdS shell is essential for high fluorescence (Zeng et al. 2008 ). An HRTEM image of the ZB phase CdTe/CdS nanowires is shown in Fig. 3a . It demonstrates that the lattice fringes and the spacing correspond to ZB phase CdTe/CdS. It also shows that the nanowires grow along the [111] direction (marked by the arrow in Fig. 3a) . The EDS Fig. 2 Photograph of Cys-capped CdTe/CdS nanocrystal solutions under excitation of 365 nm UV lamp (top) and their corresponding UV-Vis absorption (a) and PL spectra (b) after refluxing at 100°C for different times spectrum of the CdTe/CdS nanowires is shown in Fig. 4 . The elements S, Cd, Te, and Cu are clearly observed, with the presence of Cu due to the copper grids used in EDS analysis. The presence of S, Cd, and Te in the individual nanowires supports the formation of core-shell structure of the CdTe/CdS nanowires, we know that the S element come from the cysteine. This indicates that we have successfully used the cysteine to modify the CdTe/CdS nanowires' surface. From  Fig. 4 , we can see the weight percent ratio of Cd:Te:S = 1:5.3:27. However, we found that the proportion of Cd element is less than that of Te elements, which may be due to the nanowires is not very pure. Combined with XRD pattern (Fig. 3b ) analysis found that there is an extra peak in (111) diffraction peak, which may be caused by excess Te.
To further confirm the formation of the CdS shells, the samples were characterized with XPS. Their corresponding S2p spectra are shown in Fig. 5 . For the sample with the reaction time of 10 min, the S2p spectrum can be fitted into five curves, including a doublet: S2p1/2 at 164.1 and S2p3/2 at 163.8 eV (the blue lines). These binding energies are consistent with those for Cd-Sr complexes, demonstrating the formation of Cd-Cys complexes on the surface of the CdTe crystal (probably absorbed) and in solution (Bao et al. 2004) . There is also a doublet attributed to S2p1/ 2 and S2p3/2 of CdS (Zhao et al. 2009 ), located at 163.0 and 161.9 eV, respectively (the red lines). The other peaks at 165.0 eV could be ascribed to S2p of disulfides. As the reaction time progressed, the integrated area of S from the CdS increased, while the area from the Cd-Cys complex decreased. This change indicates that the refluxing treatment leads to the formation of a CdS shell due to the decomposition of Cd-Cys at high temperature. In Fig. 5 , we can also see the HRTEM image of CdTe/CdS nanowires, we can observe that the diameter of nanowire's core at *2.4 nm, the diameter of nanowire's shell at *1.3 nm.
Cell viability
The bright PL and high stability of our Cys-capped CdTe/CdS crystals makes them very useful in bioapplications. We therefore assessed their cytotoxicity by the MTT assay. Different morphologies of Cyscapped CdTe/CdS nanocrystals were investigated (QDs obtained at 10 min, nanorods prepared at 30 min, nanowires obtained at 140 min). Figure 6a shows that at the same concentration (50 lg/mL), the cytotoxicity of the three type of nanocrystals is in the order of QDs [ nanorods [ nanowires, i.e., nanowires have the lowest toxicity, and cell viability is up to 78 % after incubation for 16 h. These results reveal that larger size CdTe/CdS nanocrystals are less cytotoxic than the smaller ones. The lower cytotoxicity of the larger nanowires might be ascribed to the protective effect of the CdS shell on the core CdTe (Zhu et al. 2013 (Su et al. 2009 ). We also investigated the dependence of cell viability on nanowire concentration (Fig. 6b) . When the concentration was increased to 500 lg/mL, only *20 % of the cells were alive after 16 h incubation. In contrast, when the concentration was decreased to 5 lg/mL, *90 % of the cells survived after 16 h incubation. Figure 7 shows fluorescence images of HEK 293 cells treated with CdTe/CdS nanowires at two concentrations. By comparing the morphology of the cells but different concentrations (500, 50, and 5 lg/mL). Cells were treated with crystal solution for 4 h, followed by incubation in fresh medium for 16 h treated with PBS and CdTe/CdS nanowires, we conclude that CdTe/CdS nanowires had no significant effect on the cell growth at concentrations up to 500 lg/mL (Zhu et al. 2013) . It is indicated that the Cys-CdTe/CdS nanowires have good biocompatibility, which is due to the nanowires have the core-shell structure, and functionalized with cysteine, which is a specific thiol-containing amino acid and serves an important structural role in many proteins. These results suggest that Cys-CdTe/CdS nanowires can be used to label and track cells in vitro, and their biocompatibility could be improved after coating with a biocompatible shell (Zhu et al. 2013 ).
Conclusions
In summary, a novel and simple route was developed to prepare CdTe/CdS core-shell nanowires in aqueous solution at atmospheric pressure. Highly fluorescent cysteine-capped straight CdTe/CdS core-shell nanowires were successfully synthesized by reacting CdCl 2 with NaHTe in aqueous solution under refluxing at 100°C for 140 min. On increasing the reaction time from 10 to 140 min., CdTe/CdS nanocrystals gradually changed from QDs to nanorods, and eventually completely evolved into nanowires. The nanowires have amino and carboxyl functional groups and can be well dispersed in aqueous phase. The as-prepared CdTe/CdS nanowires show high fluorescence QY (up to 7.25 %) due to the unique properties of Cys and the formation of a CdS shell on the surface of the CdTe core. These nanowires are 5 nm in diameter and have a length of 175-275 nm. The aspect ratio is in the range of 1/35-1/55. The resultant nanowires have low toxicity and show potential in bioimaging, as indicated by using HEK 293 cells as an example.
